By the analysis of an autothermal reactor using a one-dimensional simple model, it was found that the maximumtemperature in the reactor is uniquely defined by the parameters a and £. The static stability criteria for operation without reactor run-awaywere derived theoretically for w-th order irreversible and reversible reactions.
Introduction
Autothermal reactors are usually used for reactions the heats of which are comparatively small and are balanced by the enthalpy change of the reacting fluid.
They are especially suitable for reversible exothermic reactions because the axial temperature distributions can be brought close to the optimal profiles for the reactions.
However, serious difficulties sometimes emerge in the reactor if the temperature rises abnormally and the reactor goes out of control. The point at which the temperature is at a maximumfor a reactor out of control is called a "hot spot". As a hot spot causes not only a lowering of the selectivity of the reaction but also the rapid deactivation of the catalyst, the prevention of hot spot production is one of the most important problems of reactor operations.
The location of the hot spot and its temperature are complex functions of the parameters of reaction, apparatus and operation, and it is necessary to know in detail the effects of these parameters on the operability of the reactor for stable reactor operation. Since the tubular reactor analysis by Berkelew2), several studies of the operability of reactors have been carried out, but there are very few studies of autothermal reactors.
In a previous study4\ the authors analyzed by digital computation technique the development of hot spots in autothermal reactors and presented the criteria to avoid reactor runaway.
In this paper, the analysis is extended to derive the criteria analytically. The present analysis is to elucidate which parameters are important when an irreversible reaction proceeds in an autothermal reactor and to compare the results obtained with Received June 20, 1977. 40 those for a reversible reaction system.
Analysis of a Counter-Current Autothermal Reactor
The simple one-dimensional model shown schematically in Fig. 1 is applied for the analysis of an autothermal reactor. Assuming a constant fluid density and heat capacity and of no difference in temperature between fluid and solid, the mass balance equation for one of the reactants and the energy balance equation for the system are written as follows :
FCA0(dx/dz) =spB -r (3) The boundary conditions are at z=0, x=0 and T^T^Tq Here Tx and T2 represent catalyst bed temperature and coolant temperature, respectively, and x and U are the conversion and the overall heat transfer coefficient, which means that the resistance to radial heat transfer is regarded as lumped at the reactor wall. The reaction at the catalyst bed is assumed to be irreversible and «-th order. If the rate constant k is of the Arrhenius type and the activation energy and the heat of reaction are denoted by E and (-JH), then r=kQe-E^TCnM{l -xy
As Eq. (5) is directly derived from Eqs. (1), (2) and (3) Fig. 1 Model of an autothermal reactor a non-dimensional Eq. (6) is also derived as follows:
Here, a=E/RT0, b=(-JH)CA0/(CpPT0), c= U(Aw/pBs)/(Cppr(T0)/CA0), and (E/RTfKTt-To); i=l or 2, with non-dimensional boundary conditions :
Equations (6) and (6' ) imply that the performance of the reactor is definitely determined by the param- 
At the maximum condition, Eq. (6)=0, and the temperature and conversion there must satisfy the following relationship :
then xM or tjm is determined only by a and £ as Eq. (9).
This equation can be changed to l /a^p/wye^-iP/wy-^-t+ pe-^-^du Ja)U =(i8/a>)wea>-^-l+(iS-/i+l)i8w-1e-^^du (10) Here a>=/3(l -jc) Equation (10) indicates that xM is determined by the operational parameters a and /3, or conversely I/a is determined by the parameter /3 and the maximumconversion xM. In Fig. 2 curves of I/a against co at constant /3 are plotted for a reaction with first-order rate kinetics. As is shown in this figure, the curves start from the point ((o=fi and l/af=O), pass through a flat plateau, and approach infinity with a decrease in w. Each curve in this figure may be divided into three parts, i. e., the initial zone A, In the C zone xMis nearly unity and r)M is almost equal to the non-dimensional adiabatic temperature. This is the condition where a hot spot is produced.
In the B zone a drastic rises ofxM and rjM are brought about by a small change of a or /3, and this means that in this operational region the reactor is quite unstable. Therefore, to operate the reactor safely without the production of a hot spot it is necessary to maintain reactor conditions within zone A.
That is, the transition point from zone A to B corresponds to the boundary between stable and unstable operations.
Though it is difficult to define this boundary, the envelope of the curves, which is plotted as a dotted line in the same figure, is reasonably defined as the boundary between stable and unstable operations.
For a reaction with a given /3, the contact point with the envelope corresponds to its boundary and the critical w and I/a for the reaction are derived.
Analytically the envelope is obtained by solving Eq. (10) This criterion is exactly the same form which the author derived in the previous paper4) by an approximate analysis and numerical calculations.
2.2 Second and higher-order kinetics (n=2 and n)
For n=2 the equations corresponding to Eqs. (ll) and (12) are as follows:
Equation (15) still contains co, and it is necessary to eliminate w to obtain the criterion.
However, Eq. (15) can be expressed as Eq. (16).
Q8-2) a
The second term in the right side of Eq. (16) is easily found to be less than 0.1 from Eq. (ll) and Fig. 2 . Then for the system with n=2, the criterion for stable operation is approximately a>p-2 (17) By a similar treatment for an n-th order reaction system, the criterion for n-th order kinetics is approximately derived as a>fi-n (18) These results also coincide with the previous analysis2).
Moreover, by the detailed inspection of Fig. 2 , it is seen that, the smaller /5 is, the narrower the B zone becomes, and when /5 is less than about 8, the B zone disappears almost completely.
That is, in this range the operation of the reactor is considered to be stable, though a hot spot may be formed at small a.
Criteria for Reversible Reaction Systems
Whena reversible reaction, A^B, proceeds in the reactor, the reaction rate may be expressed by Eq. (19), based on thermodynamic considerations.
Here r=(\+K)IK (>1) In this paper the following rate form is applied to the kinetics of higher-order reversible reactions.
r=koe-E/BTCnAO(l -rx)n af=a/r, P'=Pl7 and cof=^lr){l-TXM) +re-f'\ -du-r-'e-n~^du (24)
Then it is possible to carry out the stability analysis for reversible reaction systems in the same way as for irreversible systems. That is: the criterion for reactor stability assuming a first order reversible reaction system is a'=P'-l or a=p-r
and for an n-th order reversible reaction system it is a'=fi'-n or a=/3-fn
Moreover if /3' is less than about 8, the reactor operation is again found to be stable without drastic change of temperature and conversion. This analysis can be extended to many reversible reactions.
Here, as an example, the process of ammonia synthesis is analyzed.
N2+3H2=2NH3
The reaction rate of ammonia synthesis is well known to be expressed by the Temkin and Pyzhew rate equation, that is :
Ir \/ J> 3 \0.5 / p 2 ^APnh3"/ VPn23 iM-*'ZT-z"i ^a-5VP l z'(i-^'Z')1-5 Here and Z>'=(z+/o)/(l-/o) Z' and P are mol fraction of ammonia and the total pressure of the system, respectively, and Z! e is the equilibrium mol fraction of ammonia. Though this rate equation is expressed by the mol fraction of ammonia, Z', it is possible to express it approximately with the conversion of the reactant component by the same form as Eq. (20).
When the initial gas composition of the system is NH3=0.06, N2=0.215, Ha=0.645, and inert gas (methane)=0.1, appropriate parameters of Eq. (30), k\ 7% and n are estimated from the original data3) by the least square method. The results are shown in Fig. 3 , and the apparent activation evergy based on this rate form is 15.7 Kcal/mol. By the estimation of heat capacity of the gas and the heat of reaction, a and /3 are estimated for the condition P=300 atm and ro=693°K and UAw/s= 6187 Kcal/m3-hr-°K. This value corresponds to the condition of the system analyzed by Baddour et al.1]. UAW a (CpP)(R(T0)ICAI)) å Then based on the criterion (a^fi-fn) only, the condition is found to be unstable, but from the second criterion /5<8f the system is found to be the state where the reactor operation is stable without drastic change of temperature and conversion.
Conclusion
From this analysis it is proved that autothermal reactor performance is mainly determined by the parameters a and /3 for irreversible reactions and by or, /3 and f for reversible reactions. Criteria for stable reactor operation are derived for both cases.
As is found by comparison of Eq. (24) with Eq. (10), the performance of a reversible system with au fil9 and f is the same as that for an irreversible system with a(=ai/f) and P(=Pi/f). As 7>1, reversible reaction systems are more stable than irreversible reaction systems, and the operational region of the reactor for reversible reactions is wider than that for VOL. ll NO. 1 1978 Without this assumption the basic differential equation is difficult to solve, but it is found that the insertion of the term vjja moderates runaway of the reactor a little. Therefore the derived criteria are severer and reasonably applicable to actual reaction systems. The performance of processes in chemical industries depends in manycases on the efficiency of separators used in the process, and it becomes an important problem howto define the separation efficiency so as to evaluate the performance of separation processes. The separation efficiency should satisfy the following two requirements. First, the value of separation efficiency is zero for the case of non-separation, in which the mass fractions of valuable component in both product and in residuum take the same values as that in the feed, and unity for the case of ideal Received on July 27, 1977 . Correspondence concerning this article should be addressed to K. Ogawa. 44 separation, in which the mixture fed to the separator is separated completely into two components, the valuable material and useless material in the feed leaving the separator as the product and the residuum, respectively.
Nomencl
Usually, the values of separation efficiency are in the range of zero to unity. Second, it is desirable that the separation efficiency has sufficient detection sensitivity for even a small change of the mass fraction of components in the product or in the residuum. And, additionally, it is advisable that the separation efficiency has clear physical meaning on the basis of its definition. Various types of separation efficiency have been proposed, and Newton efficiency is most widely used as a suitable and useful one at present2"4).
In the steady-operation separation of a binary mixture as
